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[57] ABSTRACT

A second order sigma delta modulator (10) includes a
digital to analog converter (26) that provides feedback
for system modulation. The digital to analog converter
(26) employs a dynamic element matching circuit (72)
which randomly selects among main capacitors (C;) to
reduce the effect of capacitor value mismatching. The
digital to analog converter (26) also employs a self cali-
bration circuit (80) to trim the values of the main capaci-
tors (C;) to obtain better capacitor matching. During
self calibration, a clock signal (f,qng) driving a pseudo
random number generator (74) of the dynamic element
matching circuit (72) is reduced to assist in minimizing
variance in a digital output signal for accurate calibra-
tion of the main capacitors (C;). Upon completion of
calibration, the clock signal (f;gng) is returned to a fre-
quency coinciding with the modulator clock rate.

20 Claims, 2 Drawing Sheets
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DIGITAL TO ANALOG CONVERTER FOR SIGMA
DELTA MODULATOR

TECHNICAL FIELD OF THE INVENTION.

This invention relates in general to integrated circuit
devices and more particularly to a digital to analog
converter for a sigma delta modulator.

BACKGROUND OF THE INVENTION

Sigma delta modulators have achieved popularity for
use in integrated circuit devices for both analog to digi-
tal and digital to analog conversion. Their attractive-
ness for integrated circuit systems 1s due in part to the
fact that they employ a one bit digital to analog con-
verter that is inherently perfectly linear and does not
require precision component matching. However, sin-
gle bit digital to analog converter performance 1s not
sufficient to accomplish faster and higher resolution
conversion required for state of the art devices. Though
a one bit digital to analog converter achieves the de-
sired linearity, accuracy and stability suffer as com-
pared to multi-bit digital to analog converters. The
quantization noise, which depends on the number of bits
of precision in the analog to digital and digital to analog
converters of the sigma delta modulator, decreases as
more bits of precision are used in the converters.

The linearity of the resulting oversampled multi-bit
system is essentially limited by the linearity of the digi-
tal to analog converter alone. The performance of mul-
ti-bit converters is generally degraded by internal digi-
tal to analog converter nonlinearity due to component
mismatch. For high accuracy multi-bit digital to analog
converters, off chip elements or trimming are needed to
perform precision component matching in order to
obtain the desired linearity. In conventional integrated
circuit technology, a multi-bit digital to analog con-
verter can only be built with inherent linearity of about
ten bits. It is thus desirable to have an oversampling
sigma delta modulator system with both quantization
noise and linearity areas below the sixteen bit level and
reduce degradation due to component mismatch. Such
systems have achieved such a level with higher order
modulators, but these higher order modulators have
suffered from instability problems.

From the foregoing, it may be appreciated that a need
has arisen for a digital to analog converter which
achieves the advantages of accuracy, stability, and lin-
earity. A need has also arisen for a digital to analog
converter that performs precision component matching
particularly suited to oversampled data systems. Fur-
ther, a need has arisen for a second order sigma delta
modulator that provides high resolution and reduces the
effect on linearity caused by component mismatching.

SUMMARY OF THE INVENTION

In accordance with the present invention, a digital to
analog converter is provided which substantially elimi-
nates or reduces disadvantages and problems associated
with prior digital to analog converters within sigma
delta modulator systems.

The present invention includes a plurality of main
circuit elements wherein each main circuit element
corresponds to a separate bit of a received digital signal.
Dynamic element matching circuitry randomly selects
among the main circuit elements in response to the
received digital signal for generation of an analog sig-

nal. Self calibration circuitry matches the main circuit
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elements such that they are calibrated to identical val-
ues. *

The present invention provides various technical
advantages over other digital to analog converters
within the prior art. For example, one technical advan-
tage is in performing both circuit element calibration
and circuit element matching to reduce the effect of
component mismatching and achieve linearity for a
multi-bit converter. Another technical advantage is in
providing a highly accurate, stable, and linear digital to
analog converter for sigma delta modulation. Other
technical advantages are readily apparent to one skilled
in the art from the following descriptions, Figures, and
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present
invention and the advantages thereof, reference is now
made to the following description taken in conjunction
with the accompanying drawings, wherein like refer-
ence numerals represent like parts, in which:

FIG. 1 illustrates a block diagram of an oversampled
A to D converter comprising a sigma delta modulator
and a following decimation filter;

FI1G. 2 illustrates a simplified schematic diagram of a
digital to analog converter for the sigma delta modula-
tor;

FIG. 3 illustrates a simplified schematic diagram of a
dynamic element matching circuit for the digital to
analog converter; and

FIG. 4 illustrates a simplified schematic diagram of a
self calibration circuit for the digital to analog con-
verter.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 is a block diagram of a sigma delta modulator
10. Sigma delta modulator 10 receives an analog signal
Vin at summing node 12. The output of summing node
12 enters a first order of sigma delta modulator 10 com-
prising amplifier 14 and sample data integrator 16. A
summing node 18 receives the resultant signal from
sample data integrator 16. The output of summing node
18 enters a second order of sigma delta modulator 10
comprising amplifier 20 and sample data integrator 22.
An analog to digital converter 24 receives the resuitant
signal from sample data integrator 22 and generates a
digital output signal D,y A digital to analog converter
26 receives digital output signal D,y and provides a
feedback analog signal to summing nodes 12 and 18. A
decimation filter 27 removes unwanted high level noise
from the digital output signal D,y:.

FIG. 2 is a simplified schematic diagram of digital to
analog converter 26 including summing node 12 and
amplifier 14. Digital to analog converter 26 includes
switches 28, 30, 32, 34, 36, 38, 40, and 42 connected to
corresponding capacitors 44, 46, 48, 50, 52, 54, 56, and
58, respectively. The output of this switched capacitor
network connects to summing node 12. Analog input
signal V;, couples to summing node 12 through clock
signal switches 60 and 62 and input capacitor 64. Sum-
ming node 12 provides the resultant signal to amplifier
14 through clock switching signals 66 and 68. A feed-
back capacitor 70 controls the gain of amplifier 14.

The actual implementation of digital to analog con-
verter 26 is in the form of a switched capacitor network
that feeds into summing node 12 of amplifier 14 and into
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sample data integrator 16. In operation, input capacitor
64 is charged with the analog input signal V;, when
clocking signal switches 60 and 66 are closed during
clock phase ¢1. Digital output signal Dy, from analog
to digital converter 24 selectively controls switches S1
to S8 depending upon the particular binary three bit
number being encoded. For those switches that acti-
vate, their corresponding capacitor charges to refer-
ence signal V. Upon the closing of clocking signal
switches 62 and 68 during clock phase ¢2 clocking sig-
nal switches 60 and 66 open and the total charge stored
in input capacitor 64 and selected capacitors C1 to C8
enter summing node 12 and amplifier 14. The total
charge is then integrated onto feedback capacitor 70 as
amplifier 14 settles back to the equilibrium state where
the summing node 12 voltage is zero. For a second
order sigma delta modulator, two of the switched ca-
pacitor networks are needed, one each to drive sum-
ming node 12 and summing node 18 of sample data
integrators 16 and 22, respectively. The second
switched capacitor network provides an analog signal
for the second order of sigma delta modulator 10 com-
prising summing node 18, amplifier 20, and sampled
data integrator 22 in the same manner as described
above.

The hnearity of multi-bit digital to analog converter
26 implementing such a switched capacitor network is
dependent on the accuracy with which all the capacitor
values match. With the present state of the art inte-
grated circuit technology, an array of monolithic capac-
itors can be built with about one part per thousand, or
ten bit, matching. If the second order modulator were
built using this technology and run at an oversampled
ratio of 256 to 1, then the total signal to noise ratio will
be limited by the generation of harmonics at about — 80
db due to the nonlinearity of the digital to analog con-
verter. To improve linearity and negate the effect of
component mismatching, dynamic element matching is
performed wherein capacitors C1 to C8 are randomly
selected instead of always using a fixed set of capacitors
for each digital signal received by digital to analog
converter 26.

FIG. 3 is a simplified schematic diagram of a dynamic
element matching circuit for digital to analog converter
26. Dynamic element matching circuit 72 comprises a
randomizer network having a series of three butterfly
structures coupling digital signal Dy, to the control
lines for switches S1 through S8. A pseudo random
number generator 74 determines 1 of 4,096 possible
rerouting configurations of randomizer switches B0 to
B11 for a twelve bit pseudo random number generator.
Dynamic element matching circuit 72 varies which
particular capacitor is chosen to be charged for each of
the eight possible digital signals received by digital to
analog converter 26. Preferably, pseudo random num-
ber generator 74 clock rate fgnqis run at the same clock
rate as digital to analog converter 26 to provide a new
routing configuration for every clock period. Dynamic
element matching circuit 72 removes the mechanism by
which capacitor mismatch causes a systematic digital to
analog converter nonlinearity and instead allows the
mismatch to be a mechanism by which white noise is
added to the modulator. The mismatch between the
capacitors is converted into a white noise signal which
is subsequently filtered out through the decimation
filter. The addition of this randomizer network would
yield a modulator with insignificant harmonic distor-
tion, but with an increased noise floor of about —90 db
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4

as compared to the modulator without the randomizer
network.

Though dynamic element matching circuit 72 elimi-
nates some of the mismatch of the main capacitor Cl1
through C8, capacitor mismatch still prevents sigma
delta modulator 10 from achieving the 98 to 100 db

level required for high performance systems. To
achieve the additional level of performance in sigma

delta modulator 10, the main capacitors C1 to C8 are

self calibrated using the random generator clock signal
frand.

FIG. 4 is a simplified schematic dmgrnm of a self
calibration circuit 80 for calibrating each of the main
capacitors C1 to C8. Each of the main capacitors C1 to
C8 corresponds to a separate self calibration circuit 80
for trimming and controlling the value of the respective
main capacitors C1 to C8. Self calibration circuit 80
includes binary weighted capacitors 82, 84, 86, and 88
for the most significant four bits of the trim capacitance,
and capacitors 90, 92, 94, and 96 implementing the least
significant four bits. These capacitors coupled to one of
the main capacitors C; where j equals 1 to 8, through
capacitors 98 and 100. Voltage reference signal V.,
thru switches S; of FIG. 2 where j equals 1 to 8, selec-
tively couples to the binary weighted capacitors
through switches R7 to RO that are controlied by a
calibration register 102.

Self calibration circuit 80 allows the self calibration
algorithm, running on a separate processor during test
or power up, to load into the calibration registers the
appropriate value that compensates for the random
capacitance mismatch in the main capacitors C;. The
calibration value loaded into calibration register 102
determines which of the switches R7 to R0 activates to
connect appropriate binary weighted capacitors to volt-
age reference signal Vs Capacitor 98 is a coupling
capacitor that keeps a total capacitance ratio that must
be realized at 16 instead of 256 for a completely binary
weighted eight bit array in order to keep chip area
reasonable. Capacitor 100 is an attenuation capacitor
that allows the array capacitance, selected by the digital
calibration value, to trim capacitor C;slightly around its
nominal value. |

With the main capacitor C;calibrated, digital to ana-
log converter 26 will closely approximate the ideal case
where all main capacitors have exactly the same value.
However, due to electronic device noise in sigma delta
modulator 10 circuitry, there is always an inherent limit
to how precisely the mismatch errors in the main capac-
itors may be corrected. Typically, capacitors may be
calibrated down to the point where there are residual
errors in the 14 to 16 bit range. In the situation de-
scribed above, calibrating the main capacitors down to
fourteen bit mismatch will allow the random dynamic
element matching technique to eliminate significant
harmonic distortion yet keep the white noise level in the
pass band of the decimation filter to about — 100 db. A
sixteen bit calibration leaves a noise level below —120
db. Thus, the combination of random capacitor selec-
tion and self calibration allows a second order modula-

“tor to achieve high performance requirements with ten

bit capacitor manufacturing variability.

In order for the proper compensation value to be
loaded into each of the capacitor calibration registers,
the inherent mismatch of each capacitor must be mea-
sured. With dynamic element matching circuit 72 run-
ning and the analog input signal grounded, the digital
output from the decimation filter will be a sequence of
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values whose mean will be zero and whose statistical
variance is the noise floor of the oversampled analog to
digital converter. With perfect capacitor matching, this
noise floor will be below about — 120 db, but in practice
will be limited considerably above this level due to
device noise. In principle, a self calibration algorithm
may calculate the statistical variance in the sequence of
digital values when no input is applied and adjust the
value in each of the calibration registers until this vari-
~ ance value i1s at a minimum. This adjustment may be
accomplished by any number of multi-variable nonlin-
ear function minimization algorithms. In practice, how-
ever, the presence of device noise will tend to mask the
white noise injected by dynamic element matching cir-
cuit 72 when the capacitors are close to their proper
calibration points, rendering the algorithm ineffective.
To make the self calibration algorithm effective, the
frequency of the clock signal f;,nq to pseudo random
numbered generator 74 must be changed.

For calibration purposes only, clock signal f,;ng is
lowered from the clock rate for sigma delta modulator
10 to a frequency that is half the cutoff frequency of the
decimation frequency. The noise inserted by the ran-
domizer network and proportjonal to the level of capac-
itor mismatches will have a large amount of its energy
in the band of frequencies passed by the decimation
filter. The statistical variance in the digital output
stream due to mismatch will be amplified by 10 or 20 db
relative to keeping clock signal f,;,q at the sigma delta
- modulator 10 clock rate. This will raise much of the
mismatch noise above the noise floor established by

device noise and allow the self calibration algorithm to
make an accurate determination of the proper values to

load into each calibration register. Once self calibration
has been performed, clock signal f,z,41s set back to the
modulator clock frequency.

‘Though the circuits have been shown and described
using three bits of quantization, the present invention
may employ various levels of resolution for digital to
analog converter 26. Further, the exemplary modulator
circuit has been shown and described for a single ended
system, but may also be implemented with a fully differ-
ential system. To be fully differential, the switch capaci-
tor networks are duplicated and two analog input sig-
nals Vi,+ and V;;— and two reference voltages V.t
and V. are required. The circuit nodes connected to
ground in the singled ended system will either go to an
opposite phase input or reference line or to a common
mode bias voitage. The same system operation princi-
ples described above apply for the fully differential
system. Also, simulations show that only the main ca-
pacitors that feed charge to the first amplifier 14 and
sample integrated 16 need be calibrated. Mismatch er-
rors in the second order portion of sigma delta modula-
tor 10 do not contribute significant noise or distortion in
the operation of the modulator.

In summary, a second order sigma delta modulator
incorporates a digital to analog converter implementing
dynamic element matching to reduce the effect of mis-
match between the main capacitor elements. A self
calibration circuit for each main capacitor element trims
the capacitor values of the main capacitor elements so
that the digital to analog converter will have matching
main capacitor elements. A clock signal driving a
pseudo random number generator for the dynamic ele-
ment matching circuit is reduced during calibration to
allow effective performance of the self calibration algo-
rithm.
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Thus, is it apparent that there has been provided, in
accordance with the present invention, a digital to ana-
log converter for a second order sigma delta modulator
that satisfies the objects, aims, and advantages set forth
above. Although the preferred embodiment has been
described in detail, it should be understood that various
changes, substitutions, and alterations may be made
herein. For example, many of the direct connections
illustrated herein could be altered by one skilled in the
art such that two elements are merely coupled to one
another through an intermediate element or elements
without being directly connected as illustrated in the
preferred embodiment. Other examples are readily as-
certainable by one skilled in the art and could be made
without departing from the spirit and scope of the in-
vention as defined by the following claims.
What is claimed is:
1. A digital to analog converter for converting a
digital signal, comprising:
a plurality of storage elements, each storage element
representing a separate value of said digital signal;

dynamic element matching circuitry to randomly
select among said storage elements, wherein said
dynamic element matching circuitry includes a
series of butterfly networks for switching input
signals corresponding to said digital signal onto
control lines for activating said storage elements;
and

self calibration circuitry to match said storage ele-
ments to each other such that said storage elements
have identical values.

2. The digital to analog converter of claim 1, wherein
said dynamic element matching circuitry includes a
pseudo-random number generator, said pseudo-random
number generator controlled by a generator clock.

3. The digital to analog converter of claim 2, wherein
sald generator clock controls matching of said storage
elements by said self calibration circuitry.

4. The digital to analog converter of claim 1, wherein
said storage elements are capacitors.

5. The digital to analog converter of claim 1, wherein
sald pseudo-random number generator controls switch-
ing within said butterfly networks.

6. The digital to analog converter of claim 1, wherein
said self calibration circuitry includes a binary weighted
capacitor array coupled to each storage element for
adjusting a value for each storage element such that
each storage element has an identical value.

7. The digital to analog converter of claim 6, wherein
said calibration circuitry includes a calibration register
for selectively activating each capacitor within said
binary weighted capacitor array in response to a digital
calibration value.

8. A sigma delta modulator, comprising:

a first integrator controlied by a modulator clock for

receiving an analog iput signal;

a second integrator coupled to said first integrator
and controlled by said modulator clock;

an analog to digital converter coupled to said second
integrator for generating a digital output signal in
response to said analog input signal;

a digital to analog converter coupled to said analog to
digital converter, said digital to analog converter
receives said digital output signal from said analog
to digital converter and provides said first and
second Integrators with a corresponding analog
feedback signal, said digital to analog converter
comprising:
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a plurality of main capacitors, each main capacitor
representing a specific value of said digital out-
put signal received by said digital to analog con-
verter;

dynamic element matching circuit to randomly
select among said main capacitors according to
said digital output signal;

self calibration circuit to match said main capaci-

tors to each other such that said main capacitors
have identical values; and |

a decimation filter for eliminating undesirable noise in

said digital output signal. -

9. The sigma delta modulator of claim 8, wherein said
dynamic element matching circuit includes a pseudo-
random number generator controlled by a generator
clock, said generator clock runs at a same clock rate as
said modulator clock during non-calibration operation.

10. The sigma delta modulator of claim 9, wherein
said generator clock runs at a siower rate than said
modulator clock during calibration operation.

11. The sigma delta modulator of claim 9, wherein
said dynamic element matching circuit includes a series
of butterfly networks for randomly switching signals
onto control lines for activating said main capacitors.

12. The sigma delta modulator of claim 11, wherein
said pseudo-random number generator controls switch-
ing within said butterfly networks.

13. The sigma delta modulator of claim 9, wherein
said self calibration circuit includes a binary weighted
capacitor array for adjusting a value of each main ca-
pacitor such that each main capacitor has an identical
value.

14. The sigma delta modulator of claim 14, wherein
said self calibration circuit includes a calibration regis-
ter for selectively activating capacitors within said bi-
nary weighted capacitor array in response to a digital
calibration value.
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15. The sigma delta modulator of claim 14, wherein
said digital calibration value is determined by decreas-
ing said pseudo-random number generator clock rate
below said modulator clock rate and grounding said
analog input signal in order to minimize a statistical
variance for said digital output signal.

16. The sigma delta modulator of claim 15, wherein
said clock rate of said pseudo-random number genera-

tor is reduced to half a cutoff frequency of said decima-
tion filter.

17. A method of calibrating capacitors of a digital to
analog converter within a sigma delta modulator, com-
prising the steps of:

grounding an analog input signal;

decreasing a clock rate of a pseudo-random number

generating capacitor selector within the digital to
analog converter below a clock rate of the sigma
delta modulator;
determining a statistical variance in a digital output
signal generated by the sigma delta modulator; and

adjusting a value of each capacitor such that each
capacitor has an identical value in order to mini-
mize said statistical variance.

18. The method of claim 17, wherein said adjusting
step includes changing a digital calibration value for a
calibration register controlling said values.

19. The method of claim 18, wherein said adjusting
step includes trimming said value of each capacitor
through a binary weighted capacitor array controlled
by said calibration register.

20. The method of claim 19, further comprising the
step of:

increasing said clock rate of said pseudo-random

number generating capacitor selector to coincide
with said clock rate of the sigma delta modulator

upon completion of calibration.
*® %x % ¥ =%
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